AlN/VN superlattices with different periods were studied using x-ray diffraction and transmission electron microscopy (TEM). A phase transformation of the AlN from an epitaxially stabilized rock-salt structure to a hexagonal wurtzite structure was observed for an AlN layer thickness greater than 4 nm. A structural model is proposed on the basis of TEM results for the orientation of the transformed phase. The VN layer grown on top of the hexagonal AlN was observed to be reoriented compared to that in the stabilized B1-AlN/VN. The VN nucleated by taking the w-AlN(002) plane as its (111) plane instead of the (002) plane.
I. INTRODUCTION
AlN, one of the III-V compounds, is characterized by high ionicity, short bond length, low compressibility, high thermal conductivity, and a wide band gap. These properties make it interesting and useful in many areas, for instance applications for lasers and high-temperature transistors. At ambient temperature and pressure, AlN has a wurtzite (w-AlN) structure with alternating layers of Al and N atoms. A high-pressure rock-salt (B1-AlN) structure and a zinc-blende (zb-AlN) structure were predicted by Christensen et al. using total energy calculations.
1,2 Both of them are cubic structures, as shown in Fig. 1 . A pressure-induced first-order transition from the hexagonal to the B1 structure has been observed in bulk AlN, in reasonable agreement with theory. 3, 4 An alternative method of obtaining the metastable cubic phase is epitaxial stabilization. In a previous study, zinc-blende AlN was observed to be stabilized in an AlN/W superlattice, in which zb-AlN transformed to w-AlN at larger thickness; 5 B1-AlN was observed to be stabilized in both AlN/NbN 6 and AlN/TiN 7 superlattices with an AlN layer thickness of less than 2.0 nm. More recently it was found that B1-AlN could also be stabilized in AlN/VN (001) superlattices with an AlN layer thickness of less than 4.0 nm, the largest critical thickness obtained to date. 8 This is due to the smaller lattice mismatch between B1-AlN and VN. Relatively little is known about the B1 to hexagonal transformation.
In this paper, we report results showing the epitaxial stabilization of B1-AlN in AlN/VN superlattices with an AlN layer thickness less than 4.0 nm. A phase transformation from B1-AlN to w-AlN takes place when the AlN layer thickness exceeds the 4.0-nm critical thickness. Cross-sectional high-resolution electron microscopy (HREM) observations of the superlattice layers also show a reorientation of the VN layer above the w-AlN layer. Both the orientation of the transformed w-AlN as well as that of the subsequent VN can be understood as minimizing the misfit stresses. The relative orientation of the transformed w-AlN, as well as observation of a very small fraction of retained B1-AlN, suggests that the phase transition is martensitic.
II. EXPERIMENTAL PROCEDURES
AlN/VN superlattices were grown on MgO(001) substrates in an ultrahigh vacuum dc-magnetron sputtering system that has been described elsewhere. 9 The sputtering targets were 99.95% pure V and 99.99% pure Al. Superlattices were deposited in mixtures of 12 mtorr of Ar and 3.6 mtorr of N 2 . The MgO(001) substrates were first cleaned in organic solvents and then annealed at 750°C in vacuum for 0.5 h. After that, the substrate temperature was dropped to 630°C, which proved (from experiments at different temperatures) to be the optimal operating temperature. All buffer layers and superlattices were deposited at this temperature. In all cases, a 200-nm VN buffer layer was deposited prior to superlattice deposition. With a constant VN layer thickness of 2.5 nm, two samples (nos. 1 and 2) with different AlN layer thickness (1.3 and 5.0 nm, respectively) were deposited for x-ray diffraction (XRD) characterization. A special multilayer sample was grown for the transmission electron microscopy (TEM) 3 , which enabled observation of both cubic AlN and the w-AlN after the phase transformation in the same sample.
XRD scans were carried out in a double-crystal diffractometer equipped with a LiF focusing monochromator, using the Cu K ␣ line (0.154 nm). Transmission electron diffraction (TED) and HREM were used to examine the superlattice structures of both the stabilized phase and the transformed phase. Two TEM samples were prepared with different orientations, which enabled high-resolution images to be taken with the electron beam along the MgO [100] and [110] zone axes, respectively. The TEM samples were first mechanically polished to 30 microns and then dimpled to less than 10 microns, after which the samples were ion-milled to electron transparency. The high-resolution images were taken on a Hitachi H-9000 microscope (Hitachi, Tokyo, Japan) operated at 300 kV. Some of the images were highpass filtered to provide a clearer observation. The filtering removes the electron inelastic scattering effect in the image. The TED patterns were taken on a Hitachi H-8100 microscope using a 20-m selected area aperture.
III. RESULTS
A. General description of the superlattice layers When the AlN layers grow thicker (14.8-nm layer thickness), the layered structure becomes wavy above the first AlN with 14.8-nm layer thickness. Figure 3 shows a higher magnification image of region (a) in Fig. 2 , with an inset diffraction pattern. Both the VN and AlN show square lattice fringes. The measured lattice fringe spacing of 2.05 ± 0.03 Å agrees with the theoretical NaCl-type structure lattice parameters (Table I) : a VN ‫ס‬ 4.14 Å and a B1-AlN ‫ס‬ 4.06 Å, respectively. The diffraction pattern also shows a square symmetry. The diffraction spots are extended along the [002] (growth) direction; this is due to superlattice reflections arising from the artificial periodicity in the structure. 8 The orientation relationship between the two materials is (001)VN//(001)B1-AlN and (010)VN//(010)B1-AlN. No misfit dislocations were observed, which indicates a strained coherent interface between B1-AlN and VN. The same result was observed when the layer thickness of AlN is less than 4.0 nm. Figure 4 shows a -2 XRD scan of a [AlN (2.7 nm)/ VN (2.7 nm)] superlattice. Along with the MgO(002) and the superlattice Bragg peak, small peaks corresponding to the superlattice reflections are present. From the Bragg peak position, the average out-of-plane lattice parameter was 4.10 ± 0.01 Å. This value is between those for VN (4.14 Å) and B1-AlN (4.06 Å). 7 This result is consistent with B1-AlN layers but inconsistent with zb-AlN, which has a significantly larger lattice parameter (4.37 Å). XRD simulations showed a much better fit for B1-AlN than for zb-AlN. 10 suggesting that a phase transformation has occurred in the thicker AlN material.
B. Epitaxial stabilization of B1-AlN in AlN/VN superlattices
A phase transformation from B1-AlN to w-AlN at larger AlN layer thickness was confirmed by XRD. In Although almost all the AlN has transformed to the wurtzite structure, there does exist a very small fraction of cubic material (<5%). Figure 7 shows a highresolution image taken at the interface of VN and AlN with an AlN layer thickness exceeding the critical thickness. It was taken with the electron beam along the MgO 
E. Orientation of VN after the B1/w-AlN phase transformation
The VN layer deposited after the AlN phase transformation is observed to be reoriented. 
IV. DISCUSSION
The experimental evidence demonstrates that metastable B1-AlN is stabilized in AlN/ VN superlattices when the AlN layers are sufficiently thin. The stabilization of B1-AlN can be explained using a simple energy argument. 7 The total energy per formula unit area of an AlN layer during growth can be written as
where E B is the strain-free bulk energy, E S the coherency strain energy, E I the interfacial energy, and l the thickness of the growing AlN layer. Although the strain free bulk energy of B1-AlN is larger than that of wurzite AlN, it is possible for AlN to grow with the B1-structure if it forms a coherent interface with the underlying material (smaller E S and E I ), while the lower bulk energy wurzite AlN does not. The metastable B1-AlN would grow at small layer thickness when the interfacial energy dominates the bulk energy but transform to the wurzite phase when the bulk energy becomes dominant. A phase transformation from B1 to w-AlN takes place when the thickness of AlN exceeds a critical thickness of approximately 3.0-4.0 nm, depending on the VN layer thickness. 8 In this thicker AlN layer growth, AlN grows in the B1 structure initially and then transforms to hexagonal with the initially B1 layer transforming. Once this phase transition occurs, further growth of VN onto the w-AlN is still epitaxial but with a different orientation relative to the substrate VN. Because the w-AlN has two possible orientations with a slight tilt, in an XRD measurement it might appear that the VN is completely misoriented and all epitaxial information lost, but this is not the case.
The particular orientations of the w-AlN on the initially-grown B1-AlN, as well as the subsequent growth of VN on the transformed w-AlN, can be understood via simple interface symmetry and lattice matching arguments. There are two plausible orientations for the transformed w-AlN, the one we observed (see Fig. 9 ) or one with a common close-packed N plane [i.e., (111) in the B1 and the basal plane in the w-AlN], as shown in Fig. 14. [The latter would correspond to a dislocation driven phase transformation normally observed in fcchcp phase transition, 12 which takes place by the passage of a partial dislocation a/6 〈112〉 on the {111} FCC planes, with the (111) planes of the cubic structure the basal planes of the HCP structure.] Taking (Table II) ; the N-N distances are smaller in B1-AlN 7 than they are in w-AlN. There are two equivalent orientations for this epitaxy, at 90°to each other (Fig. 9 ). There is a tilt of about 4°that probably helps to accommodate the misfit. The same orientation is not observed for the later growth of relaxed VN on the w-AlN because VN has a 1% larger lattice parameter (4.14 Å). Therefore the other orientation (common close-packed cation planes) has a smaller Unfortunately the experimental interfaces after the transformation are too rough for precise HREM to determine the atomistic interface structure or make statements about the possible presence of interface dislocations. While it is not possible to state in atomistic detail exactly what takes place during the phase transition from B1-AlN to w-AlN, the presence of retained untransformed B1-AlN left at the AlN/VN interface (Fig. 7) suggests that the phase transformation started at the free surface of AlN during deposition.
V. CONCLUSIONS
In conclusion, B1-AlN was epitaxially stabilized in AlN/VN superlattices when the AlN layer thickness is less than 4 nm. B1-AlN transformed to w-AlN at larger AlN layer thicknesses. There were two domains of the transformed w-AlN, i.e., the following: I. The VN layer deposited after the B1/w-AlN phase transformation was reoriented compared to the VN in the B1-AlN/VN superlattice. The orientations of the w-AlN on the (strained) B1-AlN and the subsequent growth of (relaxed) VN on the transformed w-AlN were explained by the crystal symmetry and minimization of lattice misfit. The very small fraction of retained B1-AlN at the interface of VN and w-AlN suggested that the phase transformation started at the free surface of B1-AlN during deposition.
